Abstract Previous studies have shown that high-fat diet (HFD) enhances adaptation if provided immediately following small bowel resection (SBR). The purpose of this study was to determine if HFD could further enhance villus growth after resectioninduced adaptation had already taken place. C57/Bl6 mice underwent a 50 % proximal SBR or sham operation and were then provided a standard rodent liquid diet (LD) ad lib. After a typical period of adaptation (7 days), SBR and sham-operated mice were randomized to receive either LD or HFD (42 % kcal fat) for an additional 7 days. Mice were then harvested, and small intestine was collected for analysis. Adaptation occurred in both SBR groups; however, the SBR/HFD had significantly increased villus height compared to SBR/LD. Reverse transcription-polymerase chain reaction of villus enterocytes showed a marked increase in CD36 expression in the SBR/HFD group compared with SBR/LD mice. While exposure to increased enteral fat alone did not affect villus morphology in sham-operated mice, HFD significantly increased villus growth in the setting of resectioninduced adaptation, supporting the clinical utility of enteral fat in augmenting adaptation. Increased expression of CD36 suggests a possible mechanistic role in dietary fat metabolism and villus growth in the setting of short gut syndrome.
Introduction
Short gut syndrome is a morbid clinical condition that results from massive small bowel resection (SBR). In patients with less than 50 cm of small bowel, 90 % will require parenteral nutrition with a 5-year survival of approximately 40 %. 1 In pediatric patients with intestinal failure due to a variety of causes, only half were able to achieve enteral autonomy while the other half required transplantation or ultimately died. 2 Adaptation is a compensatory process following resection that results in villus growth and enhanced mucosal surface area. The mechanism(s) for adaptation remains an important area of research as efforts to enhance this process may benefit the short gut population and decrease the need for parenteral nutrition and its associated morbidities.
Enteral nutrition is a crucial stimulus for adaptation. 3 -6 The addition of a diet that has a higher fat content has particularly been shown to enhance adaptive responses. Previous studies have found increased villus height and mucosal weight after feeding rats a high-fat diet immediately after SBR. 7 -9 In this study, we sought to determine if a high-fat diet would augment intestinal morphology if introduced later, after an initial period of adaption.
Materials and Methods

Animals
Male C57BL/6 mice were acquired from Jackson Laboratories (Bar Harbor, ME) and were housed in WUSM animal facility. Mice were kept on a 12-h light-dark schedule and were operated on at aged 7-9 weeks. Protocols for this study were approved by the Washington University Animal Studies Committee (Protocol 20100103 and 20130308) and were in accordance with the National Institute of Health laboratory animal care and use guidelines.
Operation and Adaptation
Mice underwent 50 % proximal SBR or sham operation (transection and reanastomosis only) as previously described. 10 Briefly, mice that underwent SBR had transection of the bowel at a point 12-cm proximal to the ileal-cecal junction and also at a point 1-to 2-cm distal to the ligament of Treitz. The mesentery was ligated, and the intervening bowel was removed. Intestinal continuity was restored with an end-to-end anastomosis using 9-0 monofilament suture. In mice undergoing sham operation, the bowel was transected at a point 12-cm proximal to the ileal-cecal junction, and intestinal continuity was restored with an end-toend reanastomosis. After the operation, mice were provided free access to water for the first 24 h after surgery. Mice were then fed with standard liquid diet (LD; PMI Micro-Stabilized Rodent Liquid Diet LD 101, TestDiet; 35 % kcal fat) until postoperative day (POD) 7. We have previously demonstrated augmented villus growth by the third postoperative day, which reached a plateau by day 7. 10 Mice were kept on a liquid diet during this time, as we have previously found that mice have an intestinal obstruction due to a food bezoar when given solid food in the immediate postoperative period.
Mice were then randomized and either continued with LD or switched to a high-fat diet (HFD; Harlan Teklad TD.88137; 42 % kcal fat), and were then harvested 1 week later. Thus, there were four experimental groups: mice that underwent a sham operation and either remained on LD (Sham/LD, n =12) or were switched to HFD (Sham/HFD, n =10) and mice that underwent 50 % proximal SBR and either remained on LD (SBR/LD, n =6) or were switched to HFD (SBR/HFD, n =8). In another set of experiments, SBR mice fed with HFD were further randomized to remain on HFD (n =5) or switched back to LD (n =6) for another 4 weeks before harvest.
On POD 14, all groups of mice were harvested and ileal tissue collected. Epithelial cells were isolated as previously described 11 and were used for reverse transcription-polymerase chain reaction (RT-PCR) and Western blotting. To assess for adaptation, villus height and crypt depth were measured via H&E-stained histology. At least 20 well-oriented crypts and villi were counted per slide. Crypts were counted only if the crypt-villus junctions on both sides of the crypt were intact and if Paneth cells were present at the base of the crypt. Villi were counted only if the central lymphatic channel extended from the villus base to the tip and if the mucosal surface was in continuity with an intact crypt.
Body Composition Analysis
Mice underwent body composition analysis the day before surgery as well as on POD14. Measurements were taken on awake mice with MRI (EchoMRI 3-1, Echo Medical Systems) following manufacture's instruction.
Food Consumption and Feces Output
On POD 7, mice were transferred to individual metabolic cages with wire inserts that permitted collection of wasted food and feces. The quantity of food ingested and feces excreted were measured everyday until harvest.
Real-Time PCR RNA was prepared from harvested ileal crypts and villi as previously described 8 and were homogenized in lysis buffer (RNAqueous kit, Ambion, Austin, TX). The RNA was extracted according to kit instructions and stored at −80°C. Total RNA concentration was determined using a NanoDrop Spectrophotometer (ND-1000; NanoDrop Technologies, Wilmington, DE). CD36, ApoB, and microsomal triglyceride transfer protein (MTTP) primers were obtained from Life Technologies (Carlsbad, CA). β-Actin was used as the endogenous control (Applied Biosystems, Foster City, CA), and whole bowel was used as a calibrator. Real-time PCR reagents were from Applied Biosystems (Foster City, CA), and an Applied Biosystems 7500 Fast Real-Time PCR system was used (Foster City, CA).
Western Blotting
Isolated villus samples were lysed with sodium dodecyl sulfate sample buffer. The lysate was then heated for 5 min at 100°C, and the protein concentration was determined by using the RC-DC kit (Bio-Rad, Hercules, CA). Proteins were loaded in equal amounts for Western blotting. CD36 (R&D Systems Inc., Minneapolis, MN) and actin (Cell Signaling Technology, Danvers, MA) antibodies were used.
Enterocyte Proliferation and Immunohistochemical Analysis
Formalin-fixed tissue sections were embedded in paraffin, sectioned, deparaffinized, and blocked with 3 % hydrogen peroxide in methanol. Antigen retrieval was performed using Diva Decloaking solution (Biocare Medical, Concord, CA) (120°C for 5 min followed by 100°C for 10 min). Slides were blocked with avidin-pink and biotin-blue (Biocare Medical), treated with anti-p-Histone 3 (Cell Signaling Technology, Danvers, MA) or anti-CD36 antibodies (R&D Systems Inc., Minneapolis, MN) in DaVinci Green (Biocare Medical), stored overnight at 4°C, and visualized with biotinylated goat anti-rat IgG (Accurate Chemical, Westbury, NY) and donkey anti-goat IgG (Jackson ImmunoResearch Laboratories, Inc., West Grove, PA), respectively, followed by streptavidinhorseradish peroxidase (HRP; Invitrogen, Camarillo, CA) and diaminobenzidine (DAB; Sigma-Aldrich, St Louis, MO) and hematoxylin counterstaining. The number of positivelystaining p-Histone-3 crypt enterocytes and the total number of cells per crypt were counted from at least 20 well-oriented crypts by blinded scoring. A proliferative index was calculated from the ratio of these measurements.
Statistics
For most experiments, means were calculated and compared using a student's t test. For comparison of weight gain over time, ANCOVA was performed (statistiXL 1.10). Values in the text are means ± SEM. Differences were considered significant at p ≤0.05.
Results
HFD Magnifies Structural Adaptation
We have previously demonstrated that SBR mice fed with our standard LD for 7 days postresection achieve structural adaptation as determined by increased villus height compared to their sham counterparts. However, when HFD was given to SBR mice for 7 days, a dramatic increase of villus height was observed in addition to normal adaptation (429.2±10.2 vs 347.1±10.6 μm; Rates of proliferation in crypts followed a similar trend as villus growth (Fig. 1b) . There was no difference in proliferation between sham/LD and sham/HFD. Both SBR groups had increased rates of proliferation from their sham counterparts. However, the SBR/HFD crypts demonstrated greater rates of proliferation compared to SBR/LD crypts (34.0±1.4 % pHistone-3 positive cells per crypt vs 28.1±1.8 %, p =0.02).
HFD Did Not Affect Calorie Intake or Feces Output
To ensure that mice did not differ in intake or output that could be a contributing factor to other results, all mice were individually caged with underlying wire platforms to accurately measure daily food consumption and feces excretion. As demonstrated in Fig. 2a , there were no differences in daily ingested food calories between different groups. As expected, the amount of kilocalories of fat ingested was higher in HFD groups (Fig. 2b ). There were no differences in the amount of feces excreted per mouse group per day (Fig. 2c) .
All mice experienced weight loss after surgery (Fig. 3 ). However, sham groups regained much more of their preoperative weight when compared with mice subjected to SBR (p < 0.005). The sham/HFD also experienced a greater weight gain than the sham/LD group (p <0.005). However, SBR/HFD mice had the same weight loss and rate of weight gain as SBR/LD mice.
Body Composition
There were no differences in body composition between any of the groups before surgery. By POD 14, both sham groups had higher percent body fat than SBR groups (Fig. 4a) . Additionally, the LD groups of both sham and SBR had increased percent body fat than their HFD counterparts. Interestingly, it was the SBR/HFD group had the lowest percent body fat of all groups. Conversely, the sham groups had the lowest percent lean mass, particularly the sham/LD (Fig. 4b) . Although the SBR/HFD group had the highest percent lean mass, the difference between SBR/HFD and SBR/LD was not significant. The mRNA expression of several fat transporters was examined in order to delineate cellular changes in response to enteral fat in the context of small bowel adaptation. The expression of apolipoprotein B (ApoB) was increased in both sham/HFD and SBR/HFD villus enterocytes, suggesting that the transcriptional regulation of ApoB mRNA is affected by the increased enteral fat alone independent of operation ( Fig. 5a ). In contrast, MTTP mRNA expression showed a modest increase in response to SBR/HFD compared to both SBR/LD and sham/HFD (Fig. 5b) . This suggests that the combination of both resection and enteral fat is required to increase MTTP mRNA expression while neither resection nor enteral fat alone has any significant effect.
The most dramatic change occurred in CD36 mRNA expression (Fig. 5c) . Almost negligible amounts of CD36 were detected in sham/LD and SBR/LD groups. The addition of HFD alone increased CD36 expression 15-fold from sham/ LD to sham/HFD. However, the provision of HFD following SBR resulted in a significant increase in CD36 expression when compared with SBR/LD (50-fold). These findings were also confirmed by Western blot for CD36 protein expression (Fig. 6) , and enterocyte expression was verified by immunohistochemical staining (Fig. 7) .
Villus Height and CD36 Levels Decrease after High Fat Diet Is Removed While both groups of mice had been on HFD for at least 7 days, mice that had kept on HFD for an additional 28 days showed a 76.9±30.9 % increase in villus morphology, similar to the 82.7± 7.0 % increase in SBR/HFD mice. However, mice that been placed back on LD had significantly attenuated villus height, with a growth of only 25.7±19.0 %, significantly lower than the mice that had been maintained on HFD (p <0.05). CD36 expression matched this pattern as mice on a prolonged HFD had elevated CD36 gene expression, while mice that returned to LD had CD36 levels similar to SBR/LD (data not shown). These results suggest that continued provision of an HFD is required to maintain the hyperplastic mucosal phenotype. Although mice that remained on HFD tended to have a higher percent change in body weight at the time of harvest compared to mice that were switched to a low-fat diet (111.2±3.2 vs 101.0±4.3 %), this was not statistically significant (p =0.09).
Discussion
We have found that supplementation of HFD after resection led to increased structural and proliferative changes with enhanced expression of fat transporters, especially CD36. We have shown that these changes take place despite equal amounts of total kilocalories ingested and stool output. Return to an LD from an HFD resulted in a regression of villus height and downregulation of CD36. These data would suggest that fat is a preferred substrate to enhance structural features of adaptation and may be a useful therapeutic intervention for patients with short gut syndrome.
Prior studies of enteral fat after SBR used menhaden oil, which is high in polyunsaturated long-chain fatty acids (LCFA), particularly the omega-3 fatty acid docosahexaenoic acid (DHA).
8 , 9 These reports demonstrated that the rats treated with menhaden before and after a 70 % SBR had increased mucosal weight, DNA, and protein content in the duodenum and ileum. Another study from the same group involved diets with the same proportion of fat (all 30 %) but different compositions. Rats underwent SBR and were postoperatively treated with safflower oil or arachidonic acid/DHA. While both diets were composed of polyunsaturated LCFA, the AA/DHA diet had increased mucosal mass, DNA, and protein content of the intestinal wall when compared with rats receiving safflower oil. 8 Lard, a different type of fat composed of saturated LCFA and monounsaturated LCFA, has also been found to be associated with a significant intestinal phenotype after SBR. Comparing rats undergoing 75 % SBR on normal chow (10 % kcal fat) versus lard-based high-fat diet (50 % kcal fat), the rats on HFD had significantly increased jejunal and ileal villus height. 7 In contrast with the above studies, low-fat diets have been found to have a negative impact on adaptation. Specifically, rats given a low-fat diet postresection were found to have decreased body weight, mucosal weight, reduced CD36 mRNA levels in duodenum/jejunum/ileum, and attenuated villus height/proliferation/apoptosis in the ileum.
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Our study used two different diets-our standard liquid diet (LD) and a high-fat Western diet (HFD), which were composed of 35 and 42 % kcal of fat, respectively. Additionally, the composition of fat in our diets was different; LD contained a combination of olive oil, corn oil, and safflower oil (of which the largest majority was oleic acid, a monounsaturated LCFA), while the HFD contained anhydrous milk fat (the majority of which is saturated LCFA). We used this particular LD as it had been our laboratory standard throughout our studies of SBR and adaptation in mice. Similarly, our preliminary studies had suggested that this particular HFD was associated with substantial postresection villus growth in a line of genetically altered mice. As such, we were eager to further explore the possibility of HFD-induced enhanced adaptation in normal mice. We had previously determined that the majority of adaptive growth in mice occurs within the first 7 days after surgery and is generally a critical period of cellsignaling and plasticity. 10 Thus, we questioned if adding an HFD after this period would still produce a significant change.
Although the actual difference in percent kilocalorie of fat was small between the two diets, the effects were significant. There were significant phenotypic alterations in both villus morphology and mRNA expression of fat transporters seen in the SBR/HFD group that were not seen in the SBR/LD group. It is possible that the specific type of fat in the HFD (saturated LCFA) is responsible for the effects. However, monounsaturated LCFA, which are found in high concentrations in lard, have produced a similar phenotype in resection models. 7 Despite enhanced structural adaptation in the SBR/HFD group, we did not find any metabolic advantages based on weight gain or body composition analysis. The body composition data revealed that mice fed LD in both sham and SBR groups had greater percent body fat than HFD groups. Sham/ HFD had greater percent lean mass than sham/LD as well as greater weight gain, suggesting that HFD may encourage increased protein production and lean mass growth compared to LD. There were no differences in percentage body weights between SBR/LD and SBR/HFD mice. While the SBR/HFD mice demonstrated a trend toward a higher percent lean mass than its LD counterpart, this difference was not significant. Additionally, although there was a trend of increased percentage weight gain in mice that had remained on HFD for an additional 4 weeks compared to those that had been switched to LD, this was also not significant. These findings suggest that the body composition alterations within the HFD mice may be revealed over a more prolonged experimental interval, or that structural adaptation may not coincide with function. The latter may be due to immature intestinal epithelia resulting in impaired fat absorption or processing, as we did not measure the downstream effects of fat metabolism beyond transporter mRNA expression. However, a previous study measuring the effects of HFD in a short bowel rat model found that fat absorption was actually increased in resected rats on HFD compared to resected rats on normal chow and sham rats, although no changes in body weight were observed on POD 14.
14 Our proximal small bowel resection model allows for the animal to retain the part of the bowel that has the greatest capacity for fat absorption, as fat and bile acids are best absorbed in the ileum. A distal resection (i.e., an ileocecectomy) would be expected to result in impaired absorption of fat. While the mechanism for high-fat-diet-induced hyperplasia was not determined in this study, we found that different fat transporters demonstrate different gene expression changes in response to both diet and operation. A previous study had shown that the gene expression of ApoB and MTTP, both involved in lipoprotein synthesis, were elevated in mice who were given a high-fat diet for 7 days. 15 Similarly, our study showed that ApoB mRNA expression increased in the setting of HFD regardless of operation. However, MTTP mRNA expression is elevated only in the SBR/HFD group with a relative increase of roughly twofold.
CD36 is a transmembrane glycoprotein found in heart, skeletal muscle, adipose tissue, capillary endothelium, and the intestine. 16 CD36 is found on the brush border membrane of duodenal and jejunal villi and has been implicated as a facilitator of fatty acid uptake. 17 -19 Previous studies have underscored the complexity of the CD36 system. While CD36-null mice have not been found to have evidence of net lipid malabsorption, intestinal lipid secretion into the lymphatic system was impaired thus suggesting a role for CD36 in chylomicron formation. Additionally, fat absorption was increased in the distal intestine in CD36 null mice.
The expression of CD36 is not only dependent on ingestion of fat but also the duration and amount of fat. CD36 was found to be increased in the jejunum of mice after being fed an HFD (45 % kcal fat) for 5 weeks compared to the jejunum of mice fed a lower-fat diet (15 % kcal fat). 23 However, rats that were given lipid boluses were found to have a rapid and significant decrease in CD36 in jejunal enterocytes. 24 The role of CD36 in small bowel adaptation with HFD has also been explored in a previous study. In rats given a 50 % kcal fat diet after a mid-75 % SBR, CD36 mRNA expression was significantly decreased in the ileum compared to resected rats who had been given a 10 % kcal fat diet despite an overall increase in measured fat absorption.
14 It was theorized that CD36 was downregulated due to higher concentrations of LCFA and that increased overall mucosal weight would dilute individual cells LCFA absorptive capacity. We found contrasting results in that CD36 levels were dramatically elevated in villus enterocytes of mice fed HFD after surgery. There are a number of differences in procedure that may have been contributing to these disparate results including a different operation (mid-vs proximal SBR), diverse high-fat and control diets, and enterocyte isolation protocol that we used for the study of gene expression. Additionally, our mice were only on an HFD for 1 week as opposed to 2 weeks. Our findings suggest that CD36 may play a role in postresection HFD-induced villus growth. The pattern of CD36 expression that we have found links closely to the pattern of villus morphology. Additionally, when HFD diet is removed, villus morphology and CD36 expression are both attenuated. Past research has suggested a mechanistic link between CD36 and the glucagon-like peptide-2/insulin-like growth factor-1 receptor (GLP-2/IGF-1R) axis.
GLP-2 is an intestinal trophic factor that has been of great interest recently as prospective studies found that TPNdependant patients required lower volumes of parental support when teduglutide, a GLP-2 analog, was administered subcutaneously once daily.
25 , 26 Exogenous GLP-2 has been demonstrated to stimulate intestinal lipid absorption and chylomicron production via a CD36 pathway.
27 , 28 The trophic effects of GLP-2 are also mediated by IGF-1/IGF-1R. 29 Small bowel resection and the ingestion of nutrients, especially fatty acids, have been known to stimulate GLP-2 secretion. 30 Taken together, it is possible that postresection HFDinduced GLP-2 secretion could be responsible for both increased villus morphology and elevated CD36 expression. Because IGF-1 is the trophic factor directly responsible for villus growth in response to GLP-2 secretion, then deletion of IGF-1R would subsequently negate any trophic effects of GLP-2. If GLP-2 is in fact responsible for postresection HFD-induced "super-adaptation", then we would expect to see a loss of this phenotype if this experiment were to replicated with intestinal IGF-1R KO mice.
Conclusion
Our data shows that the addition of an HFD after small bowel resection enhances structural adaptation as well as increases the expression of the fat transporters, MTTP and CD36, while removal of an HFD reverses these results. We did not find any advantages in weight gain or lean mass within the limited time frame of this experiment. However, the structural augmentation produced by an HFD should not be ignored and may still have the potential to be a useful adjunct to the short gut population over longer periods of time.
Discussant
Dr. Richard Hodin (Boston, Massachusetts): Dr. Choi, congratulations on a nice study and thank you for providing the manuscript for my review in advance of this meeting. The Warner lab has been leading the way in the field of gut adaptation for over two decades, and this study represents another piece of this important puzzle. I think it is particularly important that in this study you have addressed the issue of adaptation at a later time point, after the animals have already gone through the early adaptation phase. After all, in the clinical setting, we are generally presented with these patients well after their initial insult and recovery from their surgery, and the question is what can we do to make their lives better, perhaps even helping to make them TPN-independent?
This study clearly shows that dietary composition is going to be a key component of the gut adaptation response. There are a couple of questions that I have for you:
(1) Even the sham, HFD mice apparently had less body fat. This seems counter-intuitive. Obviously, we think of a high-fat diet as leading to more body fat, and there are certainly many experimental studies that have demonstrated a high-fat diet causing obesity, insulin resistance, fatty liver, etc. Can you explain this apparent discrepancy?
(2) There has been a lot of recent interest in GLP-2, suggesting that it may help patients become less dependent on TPN. Can you tell us whether you have given GLP-2 to your mice and what the impact is relative to dietary manipulations? For example, if you add GLP-2 to the HFD, will you get more adaptation?
Closing Discussant
Dr. Pamela Choi: Thank you, Dr. Hodin for your insightful questions.
In response to your first question, indeed this finding that even the sham-operated mice on HFD have less body fat is counter-intuitive. However, these mice did also experience a significant decrease in weight loss within the first 7 days after surgery although not as much as resected mice. This suggests that even sham mice may be experiencing some degree of catabolism. Under these circumstances, it is possible that fat may be metabolized in a way to stimulate protein production. Saturated long-chain fatty acids, which are present in high quantities in the HFD, are more calorically dense molecules than monounsaturated or polyunsaturated long-chain fatty acids. This leads to increase in ATP production which may stimulate protein production as part of the recovery phase from the acute stressor.
We did not give exogenous GLP-2 in our experiment to see if there is an additive effect. However, we were indeed interested in GLP-2 as a potential mechanism for high-fat diet-induced adaptation. Other studies have shown that GLP-2 levels are increased after resection and high-fat enteral feeding independently. Additionally, GLP-2, in addition to its intestinotrophic effects, has also been shown to stimulate CD36 expression. Unfortunately, we were unable to measure GLP-2 as we did not collect serum prior to harvest. However, the trophic effects of GLP-2 are carried out through IGF-1 and the IGF-1 receptor, and so repeating this experiment on IGF-1R-floxed mice may prove if GLP-2 is a critical mediator in HFD-induced enhanced adaptation after resection.
